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A CMOS Current-Mode Operational Amplifier 
Thomas Kaulberg 
Absfruct-A fully differential input differential output current- 
mode operational amplifier (COA) is described. The amplifier 
utilizes three second-generation current conveyors (CCII’s) as 
the basic building blocks. It can be configured to provide ei- 
ther a constant gain-bandwidth product in a fully balanced 
current-mode feedback amplifier or a constant bandwidth in a 
transimpedance feedback amplifier. The amplifier is found to 
have a gain-bandwidth product of 3 MHz, an offset current of 
0.8 pA (signal range f700 FA), and a (theoretically) unlimited 
slew rate. The amplifier is realized in a standard CMOS 2.4-pm 
process. 
I. INTRODUCTION 
HE traditional operational amplifier and the transimped- T ance operational amplifier (also known as current- 
feedback operational amplijier) are unquestionably two of the 
most flexible and widely used analog integrated circuits of 
today. However, as the standard supply voltages for digital 
circuitry are decreasing significantly, so are the signal ranges 
for the analog components (especially in mixed analog- and 
digital-mode systems). An attempt to overcome this problem 
can be simply to change the signal representation from a 
voltage to a current. In this way the signal range is no longer 
directly restricted by the supply voltage but also dependent on 
the impedance level chosen by the designer. 
In the process of designing current-mode circuits it can be 
advantageous to follow the Theory of Adjoint Networks [I], 
[2]. This theory is a conversion strategy which, when applied 
to a given voltage-mode circuit, leads to a current-mode 
circuit with the same transfer function. This paper describes an 
attempt to obtain a useful structure for a current-mode op amp 
by applying the Theory of Adjoint Networks to the traditional 
op amp and to the transimpedance op amp on a subcircuit 
level. Most current amplifiers described in the literature have 
only limited gain [3], [4]. However, the structure described in 
the present paper is suitable for true COA operations, i.e. a 
current gain in the order of 80 dB. 
11. ADJOINT NETWORK CONVERSION 
The second-generation current conveyor is a versatile build- 
ing block for a variety of applications [ 5 ] .  It offers both 
a current-following and a voltage-following function and is 
useful in expressing both current-mode and voltage-mode 
circuits at a subcircuit level. A symbol and a simple CMOS 
implementation of a CCII+ is shown in Fig. 1. The transfer 
Fig, 1. The second-generation current conveyor. 
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Fig. 2. Voltage-mode op amp (VOA). 
matrix is given by the following equation: 
0 0 0 
0 *l 0 ‘uz 
[3i] = 0 0]  [::I (1) 
The CCII- contains both a positive voltage-following ac- 
tion and a positive current-following action and according 
to the Adjoint Networks Theory it is its own interreciprocal 
circuit [2]. This means that the adjoint network of a CCII- 
is a CCII - .  The CCII+ exhibits a positive voltage-following 
action and a negative current-following action. The adjoint 
network of this circuit is a circuit with a negative voltage 
follower and a positive current follower. Obviously, it is more 
complicated to generate a precise negative voltage follower 
than a positive one. Therefore we shall try to avoid this type 
of component in our generation of current-mode circuits. 
Fig. 2 shows a traditional voltage-mode op amp (VOA) 
expressed in terms of current conveyors. The differential 
input voltage is transferred via a transconductance, g m ,  to a 
differential current which is sourced into an impedance, Z T ,  
and the voltage across this impedance is buffered to the output 
of the VOA. The transimpedance Z, is the parallel connection 
of a large resistance and the compensation capacitor Cc. This 
gives the well-known transfer function with one dominant 
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By applying the Theory of Adjoint Networks to this circuit 
we achieve a current operational amplifier (COA) as shown 
in Fig. 3. With the chosen sign convention, all currents 
are considered positive in the direction of the arrow. The 
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Fig. 3. Current-mode op amp (COA). 
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Fig. 4. Voltage-mode transimpedance amplifier. 
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Fig. 5.  Current-mode transimpedance amplifier. 
output buffer of the VOA turns into a current buffer. The 
current buffer would normally be realized as a CCII- with 
VQ = 0. In this case it is realized as a CCII+ with Vy = 0. 
The change of sign is compensated in the following stage. 
The two CCII's that form the differential transconductance 
stage (IOut = gmVd, in)  in the VOA turn into a differential 
transconductance output CCIIk (I+ut = gm K n ) .  Passive 
elements like resistors and capacitors remain unchanged. The 
current gain, Id,O/IZ, of this circuit is exactly the same as the 
voltage gain, VO/Vd,i, of the VOA [6].  
A simplified diagram of a transimpedance operational am- 
plifier [7] is shown in Fig. 4. The differential input stage 
of this amplifier contains both a high-impedance voltage 
input node and a low-impedance current input node. The 
current from this node is conveyed to the transimpedance 
ZT and the voltage across 2, is buffered to the output. 
In a feedback configuration this amplifier provides a nearly 
constant bandwidth, independent of the closed-loop gain [7]. 
When converting to current mode, the CCII+, which forms 
the input stage of the voltage-mode transimpedance amplifier, 
is transformed into a CCII- and an additional inverting 
voltage buffer. The output buffer is transformed into a CCII- 
with a grounded Y input. By rearranging this circuit slightly 
we arrive at the circuit shown in Fig. 5. This circuit is called 
the current-mode transimpedance amplifier [8]. 
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Fig. 6. Current-mode operational amplifier. 
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Fig. 7. Current amplifier. 
current-mode operational amplifier. In Fig. 6 such an ampli- 
fier is shown. Another option is added to this figure. The 
current input is made differential. This makes the amplifier 
interreciprocal to a fully balanced VOA. To be interreciprocal 
to a single-output VOA, the 1,- terminal should be left open. 
The connection of the V y  terminal now determines the 
operational mode of the amplifier. When V y  is connected 
to ground, the amplifier is interreciprocal to the traditional 
operational amplifier (VOA). We call this configuration a 
current operational amplifier. 
From Fig. 3 the transfer function can easily be derived as 
shown below: 
This amplifier provides a large dc gain, a constant 
gain-bandwidth product and a "one dominant pole" transfer 
function similar to the properties of the VOA. A 45" phase 
margin is ensured by making GB < 2rf2. GB is the 
gain-bandwidth product and f z  is the second pole of the 
amplifier (typically determined by the current mirror pole 
When the V y  terminal is used as a feedback terminal, 
the amplifier is configured as a current-mode transimpedance 
amplifier as shown in Fig. 5. Fig. 7 shows how a simple current 
amplifier with feedback can be realized with this component. 
The closed-loop gain for RT >> RI is 
21 f T / 2 ) .  
B W = l  
Equation (3) shows how this amplifier exhibits a constant 
bandwidth property similar to that of a traditional voltage- 
mode transimpedance operational amplifier. The stability cri- 
terion (phase rriargiii > 45') for this amplifier is BW < 27i.f~. 
111. CURRENT-MODE OPERATIONAL AMPLIFIER (COA) R1 Cr. . 
When comparing Figs. 3 and 5 we find that the only 
difference between the two amplifiers is the connection of 
the low-impedance X input of the output CCII-. By bringing 
this terminal to an external pin we obtain a highly flexible 
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Fig. 8. Current-mode operational amplifier. 
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Fig. 9. Chip photo. 
Both of the two amplifier configurations presented can 
replace their interreciprocal voltage-mode counterparts in any 
voltage-mode circuit due to the Theory of Adjoint Networks. 
The two amplifier configurations do not suffer from slew- 
rate limitation like most of the traditional VOA implemen- 
tations do. The reason for this is the fact that the current 
available for charging and discharging Cc is not limited to 
a quiescent value (bias current source) but only limited by the 
current signal range of the input current conveyors. 
IV. IMPLEMENTATION 
The current-mode operational amplifier has been realized as 
shown in the diagram of Fig. 8. The circuit is characterized 
by (4) and (5 ) :  
1 
r ,  = (4) 
!/m6 + ,9mb?6 + ,qm8 + gmhs8 
O I  
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Fig. 10. Open-loop measurements of COA. 
( 5 )  
1 
RT = 
gocm2 + gocm4 f gocm5 + gocm6 + goib2 f goib2' 
where gmbsn is the bulk transconductance and gon represents 
the output conductance of the current mirrors and current 
sources. The input current offset errors are strongly dependent 
on the accuracy of the current mirrors [6] and therefore 
all current mirrors have been realized as cascoded current 
mirrors. Each transistor in the amplifier needs to match one 
or two other transistors, and in order to improve the matching 
large transistor dimensions ( L  > Lmi,,) and a finger-structure 
common centroid layout technique have been used for all 
transistors. 
V. EXPERIMENTAL RESULTS 
The COA has been implemented in a 2.4-pm industry 
standard CMOS process. A chip photo is shown in Fig. 9. 
The COA was found to have an open-loop current gain as 
shown in Fig. 10. It is seen that the dc gain is approximately 
72 dB and the GB is 3 MHz at a phase margin of 60". The 
amplifier was optimized to achieve low offset current. This 
was measured to be 0.8 pA compared to a signal range of 
h700 PA. 
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VI. CONCLUSION 
A CMOS current-mode operational amplifier has been 
analyzed and experimental results have been presented. 
Due to a flexible interconnection of three second-generation 
current conveyors, a versatile current-mode building block 
has been achieved. The current-mode operational amplifier is 
found to have current processing properties equivalent to the 
voltage processing properties of a traditional balanced voltage- 
mode operational amplifier and a transimpedance operational 
amplifier. 
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In Fig. measured results from the feedback configuration 
Of Fig. 7 are shown. The feedback resistor RI is 10 k a  and 
different values of Rz ranging from 330 0 to infinite have 
been used* The measurements the expected constant 
bandwidth characteristics of the amplifier. CC was set to about 
60 p~ in the VOA mode about 2 p~ in the CTIA mode. 
The slew rate was found to be limited Solely by the bandwidth 
of the COA. 
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